As an important antioxidant for plants and humans, L-ascorbic acid (AsA, vitamin C) can scavenge reactive oxygen species (ROS) and can be regenerated from its oxidized form in a reaction catalyzed by dehydroascorbate reductase (DHAR). To analyse the effect of overexpressing DHAR on tomato (Solanum lycopersicum), an expression vector containing potato cytosolic DHAR (DHAR1) or chloroplastic DHAR (DHAR2) cDNA driven by a cauliflower mosaic virus 35S promoter was transferred into tomato plants. Compared with the wild type (WT), DHAR1 overexpression increased DHAR activity and AsA content in both leaves and fruits, while DHAR2 overexpression increased DHAR activity and AsA content mainly in leaves. DHAR1 and DHAR2 overexpression increased the chlorophyll content and photosynthetic rate of transgenic lines, but had no effect on plant height and stem diameter. Furthermore, the germination rate, plant fresh weight, seedling length and chlorophyll content of transgenic DHAR1 and DHAR2 plants under salt stress were higher than those of WT plants. In addition, the transgenic plants also exhibited considerable tolerance to oxidative damage induced by methyl viologen (MV). Taken together, these results indicated that overexpressing potato DHAR1 and DHAR2 enhanced the level of AsA in tomato and, consequently, increased the tolerance of tomato to salt and MV stress.
l-Ascorbic acid (AsA, vitamin C) has important biological functions in both plants and animals. It participates in diverse biological processes, such as pathogen defence mechanisms and modulation of plant growth and morphology (Smirnoff & Wheeler 2000) . Most importantly, AsA plays an essential role as an antioxidant in several pathways, and protects plants from oxidative damage by scavenging free radicals and reactive oxygen species (ROS) (Loewus 1999) . In plants, AsA is highly abundant and accumulates to 2-25 mmol/l (Davey et al. 2000) . However, humans lack the ability to synthesize AsA, so it must be obtained from food regularly. Recent studies indicated that the increased AsA intake (from 60 to 200 mg/day) may be beneficial for human health (Carr & Frei 1999; Levine et al. 1999) . Therefore, an increased AsA content in plant foods would increase their nutritive value.
A variety of abiotic stresses lead to the production of reactive oxygen species (ROS) in plants (Smirnoff 1998) . The presence of ROS leads to the induction of antioxidative enzymes, which are able to reduce the oxidizing environment (Blokhina et al. 2003) . AsA is oxidized to monodehydroascorbate (MDHA) and then to dehydroascorbate (DHA) in the process of enzymatic and non-enzymatic ROS scavenging reactions. DHA undergoes reversible spontaneous hydrolysis to 2,3-diketogulonic acid or is recycled to AsA by dehydroascorbate 75 reductase (DHAR), which uses glutathione (GSH) as a reductant. Thus DHAR-catalyzed rapid regeneration of AsA is necessary to maintain the antioxidative capacity of AsA (Chen et al. 2003) . In recent years, many studies have investigated the DHAR gene and its function. Researchers found out that the overexpression of DHAR in different plants, including Arabidopsis, tobacco, wheat, and potato, could improve ascorbate recycling and increase the level of AsA, which in turn could improve tolerance to numerous stresses, such as salt, high light, high temperature and methyl viologen (MV) stresses (Chen et al. 2003; Kwon et al. 2003; Chen & Gallie 2004; Dolatabadian et al. 2008; Qin et al. 2011) . These results indicate that DHAR not only has important physiological functions, but also can be applied to improve the AsA content and stress tolerance of crop plants.
However, there has been no study to examine the effect of overexpressing potato DHAR genes in transgenic tomato plants. In the present study, the potato DHAR1 and DHAR2 genes were introduced into tomato to investigate the effect of DHAR overexpression on AsA content of tomato and the change in the intracellular redox state of transgenic tomato plants overexpressing DHAR1 or DHAR2 genes and the effect of DHAR overexpression on plant tolerance to methyl viologen and salt stresses.
MATERIAL AND METHODS

Plant materials and plant growth conditions
Solanum lycopersicum cv. Sy12f was used as the wild type. The fully-grown transgenic plants (T 0 generation) were self-pollinated using glassine envelopes to produce T 1 seeds. Seeds of transgenic lines that were selected with 100 mg/l kanamycin solution on moistened filter paper were grown in a growth room at 28°C for 3 days. Sprouted seedlings were transplanted into 10 cm diameter pots containing a commercial mineral-mixed soil for 3-4 weeks. The seedlings were transplanted into soil and grown in a greenhouse at 26 ± 4°C and 50-60% relative humidity with an 11 h light and 13 h dark cycle. The average photon flux density (PFD) in the morning (9:00) was 570 ± 10 µmol/m 2 /s and in the afternoon (13:00) it was 1170 ± 50 µmol/m 2 /s. Plants were watered every 4 days. For the analysis of gene expression and enzyme activity, functional leaves (fourth to sixth leaves) and mature fruits (45 days after self-pollination) were used as samples.
Construction of plant expression vector
and tomato transformation cDNAs encoding two isoforms of DHARs localized in the cytosol (DHAR1, GenBank ID: EF030707) and chloroplasts (DHAR2, GenBank ID: FJ477252 ) from potato were isolated and characterized, and plant expression vectors were constructed as described by Qin et al. (2011) (Figure 1a ). Transgenic tomato plants expressing potato DHAR using the cauliflower mosaic virus (CaMV) 35S promoter in the pBI-121 binary vector were generated using Agrobacterium tumefaciens -mediated leaf-disk transformation (Horsch et al. 1985) . Disks infected with A. tumefaciens were incubated on Murashige and Skoog (MS) medium (pH 5.8) supplemented with 2.0 mg/l zeatin (ZT), 0.5 mg/l IAA, 500 mg/l kanamycin and 500 mg/l carbenicillin (Cb) to induce shoots. Regenerated shoots showing kanamycin resistance were selected on MS medium supplemented with 250 mg/l cefotaxime sodium, 50 μg/l kanamycin, 2.0 mg/l ZT, and 0.25 mg/l indoleacetic acid (IAA). After several weeks, the regenerated shoots were transferred to a root-inducing medium comprising 1/2 MS medium supplemented with 0.15 mg/l IAA.
Identification of transgenic plants and analysis of transcript expression
Genomic DNA was isolated from 0.5 g young leaves by the CTAB method (Qin et al. 2011) . The primer (5'-GTAATCTCCACTGACGTAAG-3'), which was derived from the CaMV 35S promoter sequence, was chosen as the forward primer. The presence of cytosolic DHAR and chloroplastic DHAR was confirmed by PCR analysis using the primer in combination with the cytosolic DHAR reverse primer (5'-CCATCGAACTGCTAACTAG-3') and the chloroplastic DHAR reverse primer (5'-TCAG-GCTATCATTCAGTG-3'), respectively.
Real-time RT-PCR was used for the analysis of target gene expression in transgenic plants. Leaves which can photosynthesize with a net photosynthetic rate > 0 (termed as functional leaves in this article) and fruits were used as fresh material. Transgenic lines D1-2, D1-4, D1-5, D2-3, D2-5 and 76 D2-6 were used for the analysis. For real-time RT-PCR, gene-specific primers for cytosolic DHAR (forward: 5'-CCAGAATACCAAGGCTGAAGAAA-3'; reverse: 5'-TGCTAACTACCCGAGACACAACA-3') and chloroplastic DHAR (forward: 5'-ATCAATG-GCGGCTTCACTC-3'; reverse: 5'-CTTTACCTT CGGGGCTTATCTTC-3') were designed, and the elongation factor 1-α gene (GenBank accession number: AB061263) (forward: 5'-ATTGGAAACG-GATATGCTCCA-3'; reverse: 5'-TCCTTACCT-GAACGCCTGTCA-3') was chosen as a control. All primers were synthesized by TaKaRa Company (Otsu Shinga, Japan (Bubner & Baldwin 2004) .
Enzyme assays and AsA determination
Activity of DHAR was measured using the method of Chen and Gallie (2004) with slight modification. Fresh material of leaves (0.5 g) or fruits (0.1 g) was ground in cold extraction buffer (50 mmol/l Tris-HCl, pH 7.2, 0.3 mol/l mannitol, 1 mmol/l EDTA, 1% bovine serum albumen, 0.05% l-cysteine and 2% (w/v) polyvinylpyrrolidone), and then centrifuged at 4°C at 12 000 × g for 10 min. The 3 ml reaction mixture contained 50 mmol/l phosphate buffer (pH 7.0), 0.1 mmol/l EDTA, 0.5 mmol/l DHA, 3.5 mmol/l GSH and 100 µl enzyme extract. The increase in absorbance at 290 nm was monitored, and the activity was calculated using an absorbance coefficient of 14.3 mmol/l/cm. Activity of monodehydroascorbate reductase (MDHAR) was determined using the method of Jimenez et al. (1997) with slight modification. The reaction mixture contained 100 mmol/l Tris-HCl (pH 6.3), 0.2 mmol/l NADH, 1 mmol/l AsA, and 1 u AsA oxidase. The reaction was initiated by adding AsA oxidase to the mixture, thus generating the substrate MDHA. Activity was measured as the AsA oxidase-induced oxidation of NADH. The reaction was monitored at 340 nm (extinction coefficient for NADH 6.2 mmol/l/cm).
Activity of l-galactono-1,4-lactone dehydrogenase (GalLDH) was determined according to the method of Tabata et al. (2001) . Ascorbate peroxidase (APX) activity was determined using the method described by Pignocchi et al. (2006) . AsA content was measured according to the method of Luwe et al. (1993) .
Determination of net photosynthetic rate and chlorophyll content
Net photosynthetic rate (P n ) was measured with a portable photosynthetic system (CIRAS-2, PP Systems, Herts, UK) between 9:30 and 10:30. The PFD was controlled to 800 ± 10 μmol/m 2 /s and the relative humidity was controlled to 70-80% by the system. Chlorophyll content was determined according to the method of Arnon (1949) .
Leaf disk assay for MV sensitivity and determination of chlorophyll content
Damage induced by MV was analysed by a leaf disk method as described by Lee et al. (2007) with slight modifications. Leaf disks (8 mm diameter) from the third leaves of five different T 1 plants of the D1-4 and D2-5 transgenic lines and wild-type plants were floated on 5 ml MV solution at different concentrations (0, 2, 50, or 100 µmol/l) in 5 cm Petri dishes. Fifteen leaf disks were placed in each Petri dish, which were incubated at 25°C for 24 h under continuous light of 100 μmol/m 2 /s. The effect of MV on leaf disks was analysed by monitoring phenotypic changes and measuring the chlorophyll content. The chlorophyll content in the leaf disks was quantified according to the procedure of Upadhyaya et al. (2010) .
Salt stress treatment
Transgenic lines D1-4 and D2-5 and wild-type tomato seeds were surface-sterilized for 1-2 min in 70% ethanol, 15 min in 4% sodium hypochlorite, and then rinsed thoroughly with sterile distilled water. Thereafter, the seeds were placed on MS medium containing 0 or 100 mmol/l NaCl in closed Petri dishes or plant tissue culture containers and incubated under 100 µmol/m 2 /s PFD at 25°C/22°C (day/ night) with a photoperiod of 16 h/8 h (light/dark).
Germination rate was measured after 12 days of salt stress treatment. After 40-day treatment, Figure 1 . Development of tomato plants overexpressing DHAR1 and DHAR2 and expression of the genes in transgenic plants; (a) vector construct for expressing the DHAR genes in transgenic tomato plants;the plasmid pBI-121 contained the ORF of the target genes under control of the CaMV35S promoter and NOS terminator, in a binary vector for Agrobacterium transformation; kanamycin resistance genes (NPTII) were used as selection markers; LB -left T-DNA border; RB -right T-DNA border; NOS-pro -nopaline synthase promoter; GUSprotein-coding region of a gene for β-glucuronidase; the insertion sites of DHAR1 and DHAR2 are Xba I + Sal I and Xba I + Sac I; (b) confirmation of DHAR1 (b-1) and DHAR2 (b-2) transformants by PCR analysis; P -positive control (PCR with recombinant pBI vector carrying DHAR1 or DHAR2); M -marker; WT -wild-type plant; DHAR1 transgenic lines are represented by D1-1, D1-2, D1-3, D1-4, D1-5, and D1-6, and DHAR2 transgenic lines are represented by D2-3, D2-4, D2-5, D2-6, D2-7, D2-8, and D2-9; (c) Relative expression of DHAR1 in transgenic tomato plants; (d) relative expression of DHAR2 in transgenic tomato plants; to analyse the expression of DHAR1 and DHAR2, real-time RT-PCR was performed on mRNA extracted from functional leaves and mature fruits of DHAR1 (D1-2, D1-4, D1-5) and DHAR2 (D2-3, D2-5, D2-6) transformants as detailed in the text; the relative quantification of DHAR1 and DHAR2 expression was calculated using the comparative Ct (2 − △△Ct ) method; data are expressed as means ± SD of three replicates; the same letter above bars indicates a non-significant difference at the P < 0.05 probability level 
Statistical analysis
Values presented are means ± standard deviations (SD). Statistical analyses were carried out by analysis of variance (ANOVA) using DPS software. Duncan's multiple range test was applied to examine the significance of differences between treatments.
RESULTS
Expression of DHAR1 and DHAR2 in transgenic plants
The analysis of PCR products amplified from DHAR1 transgenic lines (D1-1 to D1-6) and DHAR2 transgenic lines (D2-3 to D2-9) confirmed that transformants carrying DHAR1 and DHAR2 were generated (Figure 1b) . The lines D1-2, D1-4, D1-5, D2-3, D2-5, and D2-6 were chosen as representative DHAR1 and DHAR2 transgenic lines. The realtime RT-PCR analysis using cDNA from confirmed transformants and WT showed that, compared with WT, DHAR1 expression in the D1-2, D1-4 and D1-5 lines was increased 1.3, 4.7 and 2.9 fold in functional leaves, and 1.4, 3.3 and 2.1 fold in mature fruits, respectively; DHAR2 expression in the D2-3, D2-5 and D2-6 lines was increased 1.5, 3.6 and 2.0 fold in functional leaves, and 1.3, 1.8 and 1.5 fold in fruits, respectively (Figure 1c, d) . These results indicated that the two potato DHAR genes were successfully introduced into tomato plants, and that the expression of both DHAR1 and DHAR2 was enhanced in transgenic plants.
Enzyme activities and AsA content in T 1 generation of DHAR transgenic plants
Compared with wild-type plants (WT), the DHAR activity of D1-2, D1-4 and D1-5 lines increased by 36.6%, 87.8% and 43.9% in functional leaves, and by 5.7%, 28% and 12% in fruits, respectively. By contrast, the D2-3, D2-5 and D2-6 lines, respectively, exhibited 18%, 117.1% and 39.1% higher DHAR activity than WT in functional leaves, but the DHAR activity in fruits was not significantly changed (Table 1) .
The AsA and AsA+DHA contents were also increased in the six transgenic lines. The AsA contents of D1-2, D1-4 and D1-5 increased by 20.3%, 90.6% and 39.1% in functional leaves, and by 15.2%, 36.4% and 21.2% in fruits, respectively (Table 2) . With regard to D2-3, D2-5 and D2-6, AsA contents were 14.1%, 84.4% and 14.0% higher, respectively, in functional leaves in these lines than in WT, but they did not show a significant change in fruits (Table 2) . Compared with WT, the DHA content of D2-5 decreased by 6.9% in functional leaves, but that of the other five transgenic lines was not significantly changed either in functional leaves or in fruits (Table 2) .
Thus, the total ascorbate (AsA + DHA) content of the six transgenic lines showed a similar but smaller change compared to that of AsA content. For example, compared to WT plants, total ascorbate increased 19.0%, 35.5% and 22.4% in D1-2, D1-4 and D1-5 in functional leaves and 9.1%, 23.6% and 14.5% in their fruits, respectively; in D2-3, D2-5 and D2-6, total ascorbate increased in functional leaves 5.6%, 47.7% and 6.5% , respectively, but it did not show a significant change in fruits ( Table 2 ). The ratio of AsA/DHA, a valuable indicator of the available AsA level, was also significantly enhanced in leaves of the six transgenic lines (Table 2 ).
An increase in AsA could result from increased biosynthesis or regeneration. To investigate the former possibility, the level of GalLDH, which catalyzes the terminal step in ascorbate biosynthesis, was measured in leaves of tomato plants (Table 1) . GalLDH activity in the six DHAR-overexpressing lines was not significantly different from that of wild-type plants, indicating that the observed increase in AsA content in DHAR-overexpressing plants did not result from increased biosynthesis. Moreover, no significant change in the activities of MDHAR and APX, which are also two key enzymes in the AsA-GSH cycle, was observed, implying that the increase in AsA content in DHARoverexpressing plants was not closely related to MDHAR and APX activity (Table 1) .
Growth parameters, net photosynthetic rate and chlorophyll content of T 1 generation DHAR transgenic plants
To examine the effect of increased DHAR activity and AsA content, which resulted from the overexpression of DHAR, on physiological characteristics Table 1 . Activities of DHAR, MDHAR, APX, and GalLDH in functional leaves and mature fruits (in U/g FW) of DHAR1 and DHAR2 transformants and wild-type plants (WT); DHAR1 transgenic lines are represented by D1-2, D1-4 and D1-5, and DHAR2 transgenic lines are represented by D2-3, D2-5 and D2-6; data are expressed as means ± SD of three replicates; values within a row followed by the same letter are not statistically different at the P < 0.05 probability level Table 2 . Contents of AsA, DHA, AsA+DHA and AsA redox status (AsA/DHA) in functional leaves and mature fruits (in mg/g FW) of DHAR1 and DHAR2 transgenic lines and wild-type plants (WT); DHAR1 transgenic lines are represented by D1-2, D1-4 and D1-5, and DHAR2 transgenic lines are represented by D2-3, D2-5 and D2-6; data are expressed as means ± SD of three replicates; values within the same row followed by the same letter are not statistically different at the P < 0.05 probability level of tomato plants, plant growth, net photosynthetic rate and chlorophyll content of transgenic plants were measured. The transgenic lines showed higher chlorophyll contents than WT. D1-2, D1-4, D1-5, D2-3, D2-5 and D2-6 showed higher chlorophyll contents of 12.7, 45.5, 33.3, 7.9, 67.9, and 29.7%, respectively, in functional leaves compared to WT (Figure 2a) . The chlorophyll level was correlated with the leaf photosynthetic capacity to some extent. In the transgenic lines P n showed a similar change to that of chlorophyll content: P n of D1-2, D1-4 and D1-5 increased in functional leaves by 14.5, 23.7 and 1.5%, respectively; in D2-3, D2-5 and D2-6 Figure 2 . Chlorophyll content, net photosynthetic rate (P n ) and plant growth parameters in DHAR1 and DHAR2 transgenic lines and wild-type plants (WT); (a) chlorophyll content; (b) P n ; (c) plant height of DHAR1 transgenic lines; (d) plant height of DHAR2 transgenic lines; (e) stem diameter of DHAR1 transgenic lines; (f ) stem diameter of DHAR2 transgenic lines; DHAR1 transgenic lines are represented by D1-2, D1-4 and D1-5; DHAR2 transgenic lines are represented by D2-3, D2-5 and D2-6; data are expressed as means ± SD of three replicates; the same letter above bars indicates a non-significant difference at the P < 0.05 probability level Stem diameter (cm)
P n increased in functional leaves by 24.4, 35.1 % and 3.8%, respectively, compared to WT (Figure 2b ). Plant height and stem diameter were slightly altered in transgenic lines relative to the control at early developmental stages (Figures 2c-f ) . However, plant height and stem diameter of the six transgenic lines were similar to those of WT plants at the end of the experiment.
Overexpression of DHAR1 and DHAR2
enhanced tolerance of tomato leaves to MV stress
Because DHAR activity and AsA content of the D1-4 and D2-5 lines were significantly different from those of WT plants, the D1-4 and D2-5 lines were chosen as representative DHAR1 and DHAR2 transgenic lines to analyse the effect of DHAR overexpression on the tolerance of tomato to MV and salt stress.
It is reported that AsA contributes to plant tolerance to oxidative stress caused by a variety of abiotic stresses. Leaf disks treated with distilled water remained green in both WT and transgenic lines. However, severe necrosis was observed in the leaf disks of WT plants treated with 50 or 100 µmol/l MV, while only partial necrosis was observed in leaf disks of the transgenic plants at the same MV concentration (Figure 3a) .
The observed necrosis was a result of chlorophyll degradation, so the chlorophyll content of leaf disks was determined. With the increasing MV concentration, the chlorophyll content of D1-4, D2-5 and WT decreased gradually. However, the chlorophyll content in the leaf disks of D1-4 and D2-5 plants was higher than that of disks from WT plants. For example, compared to WT plants, chlorophyll content was 85% and 107% higher in leaf disks of D1-4 and D2-5, respectively, in 100 µmol/l MV solution (Figure 3b ).
Overexpression of DHAR1 and DHAR2 enhanced tolerance of tomato to salt stress
To test whether the increased DHAR activity and AsA content increased the salt stress resistance of tomato, the effects of salt stress on seed germination and seedling growth of transgenic and WT plants were examined. In the controls, the germination rates of D1-4, D2-5 and WT seeds were similar (Figure 4a) . However, the germination of WT seeds was severely inhibited in a medium containing 100 mmol/l NaCl, whereas the transgenic lines were much less severely affected (Figure 4a ).
The growth of DHAR transgenic plants under NaCl stress was less severely affected compared to that of WT (Figures 4b-e) . D1-4 and D2-5 trans- Figure 4 . Effects of NaCl on seed germination and seedling growth of DHAR1 (D1-4) and DHAR2 (D2-5) transgenic lines and wild-type (WT) plants; (a) germination rate of WT and transgenic tomato seeds; seeds of WT and transgenic plants were germinated on MS with or without 100 mmol/l NaCl; plates were incubated at 25 ± 3°C; (b) plant fresh weight; (c) plant height; (d) chlorophyll content of WT and transgenic tomato plants; seeds of WT and transgenic plants were grown in plant tissue culture containers containing MS basal medium supplemented with 100 mmol/l NaCl at 25°C/22°C (day/night) with a 16 h/8 h (light/dark) photoperiod for 40 days; six independent seedlings of WT and each transgenic line were chosen, and plant fresh weight, plant height and chlorophyll content were measured; (e) phenotypic differences between transgenic and WT seedlings after treatment with 100 mmol/l NaCl for 40 days; data are expressed as means ± SD of six replicates; the same letter above bars indicates a non-significant difference at the P < 0.05 probability level 
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genic plants treated with 100 mmol/l NaCl showed 2.9-fold and 1.5-fold higher plant fresh weights, respectively, as well as 2.1-fold and 1.8-fold higher plant heights than WT plants (Figures 4b, c) . Furthermore, the root growth in D1-4 and D2-5 plants was less affected by 100 mmol/l NaCl (Figure 4e) . A similar response was observed for chlorophyll content; D1-4 and D2-5 plants treated with 100 mmol/l NaCl showed 14℅ and 23℅ higher chlorophyll contents, respectively, than those of WT plants (Figure 4d ). These results indicated that the overexpression of potato DHAR1 and DHAR2 in tomato plants provided increased protection against oxidative stress caused by high salt.
DISCUSSION
In plants, AsA plays an important role in antioxidant defence, photoprotection, regulation of cell division and growth, as well as delaying senescence (Smirnoff 1996; Davey et al. 2000; Smirnoff & Wheeler 2000) . DHAR is one of the key enzymes in the AsA-GSH cycle and allows the plant to recycle DHA before it undergoes irreversible spontaneous hydrolysis to 2,3-diketogulonic acid (Potters et al. 2002) . In this study, an expression vector containing potato DHAR1 or DHAR2 cDNA driven by the CaMV 35S promoter was transferred into tomato plants. Transgenic expression of DHAR1 and DHAR2 was proved by the real-time RT-PCR analysis (Bustin 2000 (Bustin , 2002 Gachon et al. 2004) .
The fact that the AsA content and its redox state are closely related with the DHAR expression level has been confirmed in many plants by different methods (Kwon et al. 2001; Chen & Gallie 2006; Qin et al. 2011) . DHAR overexpression enhanced AsA levels and the AsA/DHA ratio in Arabidopsis thaliana (Wang et al. 2010) . Suppression of DHAR expression resulted in less efficient AsA recycling and in a lower AsA redox state (Chen & Gallie 2006) . In the present study, overexpression of DHAR1 distinctly increased DHAR transcription, DHAR activity and AsA content in both functional leaves and mature fruits in the T 1 generation (Figure 1, Tables 1 and 2 ), which was consistent with results reported in tobacco and maize (Chen et al. 2003; Eltayeb et al. 2006) . Overexpression of DHAR2 also significantly increased DHAR activity and AsA content in functional leaves. However, the differences in DHAR activity and AsA content between transgenic and WT mature fruits were much smaller (Figure 1, Table 1 , 2). These results indicated that expression levels of DHAR1 and DHAR2 have different effects on DHAR activity and AsA content in different tissues, which was consistent with previous studies (Zou et al. 2006; Qin et al. 2011) . Although increased enzyme activities in the AsA biosynthetic pathway or AsA-GSH cycle might account for the increase in AsA content, no detectable increase in GalLDH, MDHAR, and APX activities was observed. Taken together, these results indicated that the increase in AsA content in DHAR1-and DHAR2-overexpressing plants may result from an enhanced rescue of DHA.
It is reported that DH AR1 is constitutively expressed in all plant organs. DHAR2 is clearly expressed in photosynthetic organs, and the expression level is low in mature fruits which lack chloroplasts (Figure 1d ) (Qin et al. 2011) . Our results showed that DHAR1 might be expressed mainly in both leaves and mature fruits of tomato, whereas DHAR2 is expressed mainly in leaves. These expression patterns conform to the assumed corresponding isozyme location (Qin et al. 2011) . Moreover, the increase in DHAR2 transcription levels did not result in enhancement of DHAR activity and AsA content in tomato fruits, which might be because of DHAR inactivation resulting from the absence of normal posttranslational processing in chloroplasts (Bruce 2000) .
Increasing DHAR expression maintains higher levels of chlorophyll, Rubisco large subunit, lightharvesting complex (LHC) II, and photosynthetic function (Chen & Gallie 2006) . In the present study, increasing DHAR expression resulted in higher chlorophyll content and net photosynthetic rate (Figures 2a, b ), which indicated that the level of DHAR activity can affect the leaf function. A possible explanation may be that the overexpression of DHAR can sustain the stability of Rubisco, LHCII, and chlorophyll and decrease chlorophyll degradation (Forti & Elli 1995; Chen & Gallie 2006) . However, the increasing DHAR expression did not substantially increase plant height and stem diameter (Figures 2c, d ), which indicated that the endogenous DHAR expression may be sufficient for AsA recycling to support maximum growth (Chen et al. 2003) . Curiously, the higher chlorophyll content and net photosynthetic rate did not result in a significant difference in plant growth between transgenic and WT plants. Similarly, in a previous study on tobacco the increasing DHAR expression
